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Abstract. Thedifferenttypesofgeologicaldepositsandrock
formations found in alpine watersheds play key roles in regu-
lating the rate and timing of runoff to mountain rivers. Talus
and alpine meadows are dominant features in these areas,
but scant data exist for their capacity to store and transmit
groundwater. To gain further understanding of these pro-
cesses, we have undertaken a combined geophysical and hy-
drological study of a small (2100m2) alpine meadow and
surrounding talus within the Lake O’Hara watershed in the
Canadian Rockies. Several intersecting ground-penetrating
radar (GPR) and electrical resistivity tomography (ERT) pro-
ﬁles and a seismic refraction proﬁle were acquired to map
the thickness of the talus and to image the topography of the
bedrock basin that underlies the meadow. From analysis of
the GPR and seismic proﬁles, we estimate that the talus de-
posits are relatively thin (<6m). Combined interpretations
from the GPR and ERT data show that the ﬁne-grained sed-
iment comprising the meadow basin has a total volume of
ca. 3300m3 and has a maximum thickness of ca. 4m. An-
nual snow surveys and stream gauging reveal that the total
input volume of snowmelt and rainfall to the meadow basin
is several times larger than its groundwater storage capac-
ity, giving rise to low total-dissolved species concentrations
(14–21mg/L) within the meadow groundwater. Observa-
tions from four piezometers established on the meadow show
that the water table ﬂuctuates rapidly in response to spring
snowmelt and precipitation events but otherwise maintains a
relatively stable depth of 0.3–0.4m below the meadow sur-
face during summer months. A slug test performed on one
of the piezometers indicated that the saturated hydraulic con-
ductivity of the shallow meadow sediments is 2.5×10−7 m/s.
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We suggest that a bedrock saddle imaged underneath the
southern end of the meadow forms a natural constriction to
subsurface ﬂow out of the basin and helps to maintain the
stable water-table depth.
1 Introduction
In western regions of Canada and the United States alpine
watersheds play an important role in the supply and deliv-
ery of freshwater to surrounding lowland areas. During win-
ter months, most of this water is locked up in the form of
seasonal mountain snowpacks, which is then released into
alpine streams by subsequent melting during spring. Recent
hydrological ﬁeld studies in high-elevation watersheds have
shown that during this high-ﬂow melt period the contribution
of subsurface ﬂow to alpine streams can be as large as, if not
larger than, that from surface ﬂow (e.g. Sueker et al., 2000;
Clow et al., 2003; Liu et al, 2004; Hood et al., 2006). In
addition, although as much as 80% of total annual ﬂow to
alpine streams occurs during the Spring melting period from
May to July (e.g. Kattelmann and Elder, 1991; Campbell et
al., 1995), a signiﬁcant component is stored as groundwater
within the alpine watersheds that is slowly released during
the low-ﬂow period over the remaining nine months of the
year (Clow et al., 2003; Hood et al., 2006). Understand-
ing the water-storage capacity and other hydrogeological pa-
rameters of typical geological deposits within alpine water-
sheds (e.g., moraines, talus, and bedrock) is therefore critical
to simulating and predicting regional-scale hydrological pro-
cesses (Clow et al., 2003; Bales et al., 2006).
Talus and snow avalanche boulder formations are closely
related types of slope deposit that occur extensively in alpine
watersheds. Theyrepresentaccumulationsofrockdebristhat
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have been transported from cliff faces, usually in response to
glacial debuttressing of valley rockwalls (Ballantyne, 2002).
Whereas snow avalanche deposits result from the erosion
and entrainment of rocks by snow avalanches, talus slopes
form mainly as a consequence of rockfall (Jomelli and Fran-
cou, 2000). Although rockfall and snow avalanches are the
dominant depositional mechanisms behind talus and snow
avalanche deposits, debris ﬂows and rainwash and snowmelt
water processes may also inﬂuence their formation (White,
1981; Bertran et al., 1997). In addition, between these two
types of landform there exist transitional deposits that result
from some combination of all the different mechanisms de-
scribed above (Jomelli and Francou, 2000).
Scant ﬁeld data exist for in situ physical hydrological pro-
cesses within alpine slope deposits such as talus and snow
avalanche boulder formations. Pierson (1982) investigated
the hydrological properties of different types of scree slope
deposit in New Zealand and inferred that the hydrological
response would be strongly dependent on certain sedimento-
logical characteristics, including the degree of stratiﬁcation
and the amount of ﬁne-grained material present. From ge-
omorphological mapping, seismic refraction measurements
and porosity and permeability estimates, Clow et al. (2003)
established that talus slopes were the primary ground water
reservoir within an alpine catchment in the Colorado Rocky
Mountains with an estimated maximum storage capacity as
large as the total annual discharge from the basin. Moreover,
tracer tests and stream gauge measurements revealed that
ground water ﬂowing from talus could account for greater
than 75% of streamﬂow during storms and the winter base
ﬂow period. Caballero et al. (2002) conducted tracer tests of
slope deposits in a high Andean valley and measured sub-
stantially different delay times for subsurface ﬂow within
a talus slope and lateral moraine of 24 and 48h, respec-
tively. Other physical properties of slope deposits that can
be used to infer hydrological characteristics, including de-
bris volumes and internal structures, have been determined
using geophysical methods such as ground-penetrating radar
(GPR), electrical resistivity tomography (ERT), and seismic
refraction methods (e.g. Sass and Wollny, 2001; Clow et al.,
2003; Schrott et al., 2003; Sass, 2006, 2007).
In terms of surface area, grassland meadow coverage is not
usually as extensive as that of slope deposits in alpine water-
sheds (e.g. Clow et al., 2003). Nevertheless, the common
occurrence of alpine meadows in the areas between talus and
stream channels within many alpine watersheds (see Fig. 5 in
Caballero et al., 2002) suggests that the soil deposits beneath
alpine meadows represent important hydrogeological units
that can control the ﬂow of groundwater from fast-response
unitsliketalustoalpinestreamsandrivers. Dependingonthe
residence time of groundwater in the meadow deposits, wa-
ter chemistry may be affected by the complex biogeochem-
ical processes such as nitrate removal. Sueker et al. (2001)
reported that areas with established vegetation, such as sub-
alpine meadows, can play an important role in mitigating the
negative effects of atmospheric nitrogen deposition. In ad-
dition to the hydrological importance, alpine meadows have
important ecological functions such as the food source for
herbivores in an environment where vegetation cover is lim-
ited (Roach et al., 2001).
Few studies on groundwater hydrology in alpine meadows
are found in the literature. Previous studies mainly focus on
riparian meadows in high-elevation watersheds. The water-
table dynamics of these riparian meadows are strongly inﬂu-
encedbytheinteractionofgroundwaterandstreams(e.g.Lo-
heide et al., 2009). While riparian meadows have important
eco-hydrological functions in alpine environments, alpine
meadows occur in other settings. For example, alpine mead-
ows are commonly found at toes of talus, and talus-meadow
complexes serve as the source areas of alpine streams. The
water table dynamics of this type of meadow are expected to
be controlled by the input of water from talus (and bedrock
cliffs above) and the output through surface and subsurface
drainage. However, little is known about the hydrology of
talus-meadow complexes. As part of an investigation into the
properties of groundwater ﬂow and storage of different geo-
logical landforms within an alpine watershed in the Canadian
Rockies, we conducted a combined geophysical and hydro-
logical study of a talus-meadow complex. The objectives of
this study are to: (1) delineate the subsurface structures of
a typical talus-meadow complex using geophysical imaging,
(2) identify the factors that control the water-table dynamics,
and (3) estimate the groundwater storage volume and resi-
dence time.
2 Study site
ThestudywasconductedintheOpabinsub-watershedwithin
the Lake O’Hara watershed, located on the western edge of
the continental divide within the Canadian Rockies (Fig. 1).
The Opabin watershed has a catchment area of 5km2 and
ranges in elevation from 2050 to 3490ma.s.l. Bedrock
within the watershed comprises interbedded quartzite, quart-
zose sandstone, siltstone, and grey shale metasediment rocks
of the Cambrian Gog Group with minor outcrops of carbon-
ate rocks (Price et al., 1980). Late Quaternary glacioﬂuvial
deposits within the valley are derived from these formations.
Major landcover units within the watershed include bedrock
(40%), talus (25%), moraine materials (15%), and mead-
ows and sub-alpine forest (20%). Mean annual precipita-
tion is 1000–1200mm depending on the elevation, and mean
monthly temperature is −9.6 ◦C in January and 10.4 ◦C in
July. The watershed is snow-covered for eight months of the
year. Opabin Glacier lies at the southeastern end of the wa-
tershed and runoff and groundwater ﬂow is to the northwest.
The watershed is drained by Opabin Creek, which ﬂows into
Lake O’Hara (Fig. 1b).
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Fig. 1. Topographic map of the Opabin watershed showing Opabin Creek (gray solid line), major lakes (gray bodies), a glacier (stippled), and
the automatic weather station (AWS). Black square indicates the location of the hydrological and geophysical surveys on the talus-meadow
complex shown in Figs. 2 and 3. Contour interval is 50m. The insert shows the site location in North America.
Our study area lies at the foot of a steep valley wall on the
northeasternsideofthewatershed(Figs.1b, 2, and3). Atthis
location, a series of talus cones are located on the margin of a
small (2100m2) alpine meadow that is underlain by a deposit
of relatively ﬁne-grained debris within a bedrock depression.
Although the meadow is small, thousands of similarly sized
alpine meadows exist in the Rocky Mountains and, therefore,
they represent a fundamental hydrologic landscape unit. The
bedrock at this location is quartzite of the Lower Cambrian
Fort Mountain Formation, which has an approximate strike
of 150◦ and dips 10◦ to the east (Hislop, 2008). Parts of the
talus are covered in grass and show evidence for the devel-
opment of a soil layer, suggesting that, unlike active talus in
other parts of the valley, rates of recent debris accumulation
in these formations have been relatively low. Water that in-
ﬁltrates into the talus drains into the small basin underlying
the meadow. A forested linear ridge of bedrock on the west-
ern side of the meadow forms a barrier to the ﬂow of surface
runoff and entrained sediment, directing intermittent stream
ﬂowtoanotchatthesouthernend ofthebasin, whereitﬂows
into a northwest-trending gully (Figs. 2 and 3). Slow ground-
water seepage has been observed from fractures in the small
cliff on the western side of the bedrock ridge, indicating that
a small fraction of the water that drains into the basin escapes
through bedrock.
3 Field methods
To investigate the internal structures and physical properties
of the debris cone and basin deposits and to gain an esti-
mate of the depth to bedrock, a series of ground-penetrating
radar (GPR), electrical resistivity tomography (ERT), and
seismic refraction proﬁles were acquired (Fig. 3a). All of
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Table 1. Geophysical data acquisition parameters.
GPR ERT Seismic refraction
System: PulseEKKO Pro System: 48-channel Iris Syscal Pro System: 24-channel Geometrics
Nominal frequency: 50MHz Conﬁguration: Wenner Source: sledgehammer on plate
Trace spacing: 0.25m Electrodes: 30cm steel stakes Geophones: 10Hz vertical
Antenna separation: 2m Nominal electrode spacing: 2m Number of shots: 7
Sampling rate: 0.8ns Output voltage: 400 or 800V Number of receivers: 48
Recording window: 1000ns Nominal shot spacing: 12m
Stacks: 32 Nominal geophone spacing: 1m
Sampling rate: 1ms
Recording window: 250ms
Talus
Notch
Northing - 5687000 (m)
Easting - 547000 (m)
Bedrock ridge
Figure 2
Fig. 2. Three-dimensional photo-draped digital elevation model of
the talus-meadow complex (outlined by dashed line). White line –
small stream that ﬂows intermittently across the meadow and drains
into a neighboring gully. No vertical exaggeration. Coordinates are
in UTM grid.
the geophysical data were obtained during the summers of
2006 and 2007, when the study area was free of snow. Coor-
dinates for each proﬁle were measured using either a differ-
ential GPS or a laser theodolite. Acquisition parameters for
each technique are listed in Table 1.
3.1 Ground-penetrating radar proﬁles
In a GPR survey, electromagnetic pulses are transmitted into
the ground, where they are reﬂected off boundaries of con-
trasting electrical and electromagnetic properties. Although
its depth penetration within standard geological materials is
often limited to a few metres, the high-resolution imaging
capabilities of GPR have been used to delineate subsurface
structures in archeological (e.g., Davis et al., 2000), glacio-
logical (e.g. Moran et al., 2000), and other geological inves-
tigations (e.g., Jol and Smith, 1991; Beres et al., 1999; Sass,
2006).
We acquired ﬁve GPR proﬁles with various orientations
over the talus, meadow, and parts of the bedrock (Fig. 3a).
Processing steps included the initial application of a stan-
dard dewow ﬁlter to remove low-frequency electromagnetic
inductive noise. After aligning ﬁrst arrivals and correcting to
time zero, the GPR traces were scaled by dividing them by
smoothed versions of their amplitude envelopes (Gross et al.,
2003). A band-pass ﬁlter was then applied to remove high-
and low-frequency noise. Finally, each trace was corrected
from time to depth using an average velocity determined
by analyzing the normal moveout of reﬂections on several
common-midpoint proﬁles (CMPs) that were recorded over
talus and bedrock at the site (0.12m/ns; red circles in Fig. 3a;
e.g., Annan, 2005). Velocities within the ﬁne-grained soil
layer underlying the meadow are expected to be signiﬁcantly
slower. However, because strong attenuation of electromag-
netic waves traveling through this layer prevented us from
imaging structures within or beneath the meadow, we con-
sider the average velocity representative of talus and bedrock
to be the most appropriate for displaying our depth-corrected
GPR cross-sections.
3.2 Electrical resistivity tomography proﬁles
Resistivity is a measure of how resistive a volume of mate-
rial is to the ﬂow of electric current. Because it is sensitive
to changes in pore-water and pore-space geometry in rocks,
the electrical resistivity method is very effective at detecting
changes in subsurface water content and delineating differ-
ent geological materials. In typical electrical resistivity sur-
veys, a low-frequency alternating current is injected into the
ground through a pair of electrodes and a potential difference
is measured between a separate pair of receiver electrodes.
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By using an array of electrodes and by recording on different
electrode pairs, various subsurface current paths can be sam-
pled. Inversion techniques can then be used to reconstruct
an electrical resistivity tomogram of the subsurface based on
measurements made from all the different electrode combi-
nations (e.g., Loke and Barker, 1996). Electrical resistivity
tomography (ERT) has proven to be a particularly effective
method for mapping subsurface materials in alpine environ-
ments (e.g. Kneisel et al., 2000; Maurer and Hauck, 2007).
Four ERT proﬁles were recorded across the site. As
shown in Fig. 3, proﬁles ERT1 and ERT2 (green lines) were
recorded along the same lines as proﬁles GPR1 and GPR2
(red lines). An Iris Syscal Pro 48-channel multi-electrode
system was used to record the proﬁles, which varied in length
from 58 to 130m. To ensure good lateral resolution of buried
structures, we used the moving gradient array electrode ge-
ometry for each proﬁle (Dahlin and Zhou, 2004). A roll-
along technique was used to record the longer proﬁles that
required more than 48 electrode locations.
In general, contact resistances between consecutive elec-
trodes planted on the meadow area were low, indicating good
electrical coupling with the subsurface. To improve current
injection on parts of the debris cones where relatively high
contact resistances were encountered (>50k), the steel
electrode stakes were afﬁxed to wet sponges before plant-
ing into the ground (e.g. Maurer and Hauck, 2007). For
each combination of current- and potential-electrode pairs,
the average of three measurements was recorded. Spurious
data points were removed from the resistivity data sets prior
to inversion. Resistivity tomograms of each proﬁle data set
were computed using the RES2DINV inversion code; an it-
erative Gauss-Newton smoothness-constrained least-squares
algorithm (Loke and Barker, 1996; Loke and Dahlin, 2002).
This algorithm uses a ﬁnite-element calculation for the for-
ward problem and topography is incorporated by using a
distorted ﬁnite-element mesh. Cell widths used for each
model mesh were assigned horizontal dimensions equal to
half the electrode spacings of approximately 2m. Because
we expected relatively sharp geological boundaries and be-
cause we wanted to limit the inﬂuence of outliers in our
datasets, we used the robust (L1-norm) model and data inver-
sion constraints. For each inverted proﬁle, convergence was
reached after no more than four iterations and root-mean-
square (RMS) errors were in the range of 5 to 7%.
The resolution of each model cell in the tomograms was
assessed by applying the depth-of-investigation (DOI) test
(Oldenburg and Li, 1999; Marescot et al., 2003). In this
test, the data were inverted twice using two different initial
models; the ﬁrst with model cells assigned a single resistiv-
ity value one tenth of the average apparent resistivity and the
second with a value ten times the average apparent resistiv-
ity. After three iterations of each inversion, model cells that
showed little dependence on the initial resistivity model used
(i.e., that converged to similar resistivity values after each
inversion) had small DOI values; model cells that produced
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Fig. 3. (a) Contour map of the same region shown in Fig. 2
with location of the ﬁve GPR proﬁles (red lines), centers of ﬁve
common-midpoint (CMP) GPR proﬁles (red circles), four ERT pro-
ﬁles (green lines), and the shot and receiver array of the seismic
refraction proﬁle (dark blue line). Yellow body shows the area
of the alpine meadow and gray body the area of the talus cones.
Also shown are the locations of four piezometers (black circles), the
monitoring weir (triangle), and the excavated soil pit (square). Blue
dotted line – course of the small stream. Contour elevations are in
meters. (b) Photo of the talus-meadow complex taken from the top
of proﬁle GPR1/ERT1 and looking to the southwest. Also shown
are the locations of piezometers P1-P4 and proﬁle GPR2/ERT2.
different resistivity values had large DOI values. To improve
our interpretations of the tomograms, we opted not to plot
model cells with normalized DOI values >0.2.
3.3 Seismic refraction proﬁle
Because of its ability to discriminate relatively high-velocity
bedrock material from low-velocity overburden, the seismic
refraction method provides a useful tool for characterizing
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sedimentary deposits in alpine settings (e.g. Hoffmann and
Schrott, 2002; Musil et al., 2002; Sass, 2006). In a typi-
cal ﬁrst-arrival seismic refraction experiment, the subsurface
compressional-wave (P-wave) velocity distribution is deter-
mined based on the time it takes the energy produced by a
seismic source to reach an array of offset receivers. These
travel-time data can be used as input into a tomographic in-
version routine to calculate a representative subsurface ve-
locity model (e.g. Zelt and Smith, 1992; Lanz et al., 1998;
Musil et al., 2002).
A single seismic refraction proﬁle was acquired across
the northern part of the meadow-talus complex (blue line in
Fig. 3a). Seven shot gathers were recorded with an array
of 48 vertical-component geophones. For each shot a seis-
mic source was generated by striking an 8kg sledgehammer
against a high-density plastic plate. To improve the signal-to-
noise (S/N) ratio of ﬁrst arrivals, shots were repeated at each
shot point and the data stacked as needed.
Following ﬁeld acquisition, the traces on each shot gather
were scaled using a 100ms automatic-gain control (AGC)
ﬁlter to enhance ﬁrst arrivals. Although most ﬁrst breaks on
each shot record were relatively easy to pick, low S/N ratios
meant that some ﬁrst breaks could not be identiﬁed on traces
with a large shot-receiver offset (e.g. Fig. 7). By analyzing
S/N ratios, we assigned uncertainties to all of our ﬁrst-arrival
picks that ranged from ±3 to ±6ms.
Picked ﬁrst-arrivals from all of the shot gathers were used
as input into the INV2D seismic inversion program. This
program uses a ﬁnite-difference eikonal forward solver to
compute travel-time ﬁelds on a regular grid (Lanz et al.,
1998; Musil et al., 2002). This program uses an initial model
mesh and adjusts iteratively the model parameters based on a
damped least-squares solution. Convergence is reached once
travel times calculated from the updated velocity model ﬁt
observed ﬁrst-arrival travel-time picks to an appropriate level
of misﬁt. We used a regular model mesh with total horizon-
tal and vertical dimensions of 86m and 80m, respectively
and cell dimensions of 2×2m. Our initial starting model had
velocities of 300m/s at the top of the mesh that increased
linearly in the vertical direction at a rate of 40m/s per model
cell. Topography was incorporated into the model by setting
model cells above the ground surface to the velocity of air
and keeping them ﬁxed during the inversion. Model conver-
gence was reached after eight iterations, at which point the
RMS travel-time error had reduced to 3ms.
3.4 Hydrological instrumentation and measurements
Meteorological data including precipitation were recorded at
an automatic weather station located approximately 400m
southwest of the site (Fig. 1b). Snow accumulation data at
the study site were extracted from a snow survey data set
for the entire Opabin sub-watershed, collected during 17–
20 April in 2007 and 2008. Ninety-nine snow depth mea-
surements were taken in and around the study site in 2007
and six depth measurements in 2008. Snow water equiv-
alent (SWE) for each depth point was estimated using the
snow depth-density relationship, which was derived from all
density measurements (236 points in 2007 and 144 in 2008)
obtained in the entire sub-watershed in each year.
A 1.1-m deep soil pit was excavated in July 2007 (square
in Fig. 3a) to collect soil samples and install soil moisture
and temperature sensors (Stevens, Hydra Probe II). Soil sam-
ples were collected from depths of 0.09, 0.10, 0.31, 0.87, and
0.95m in stainless steel cylinders having an internal volume
of 100cm3. The water content of the samples was calcu-
lated from the difference between the wet weight and oven-
dry weight. Soil moisture/temperature sensors were installed
horizontally at depths of 0.37, 0.63, and 0.90m, and the pit
was back ﬁlled with the local soil.
Four piezometers were installed in the meadow (black cir-
cles in Fig. 3a) in July and August 2007. They were made of
PVC pipes having an inside diameter of 0.05m, with the bot-
tom 0.3m perforated to serve as a screen. The piezometers
were installed in 0.08-m diameter hand-augered holes. The
annulus space around the screen was ﬁlled with ﬁlter sand,
and the rest was ﬁlled with bentonite. The depth to the bot-
tom of screens ranged from 0.63 to 1.07m. The water level
in piezometer P4 was monitored using pressure transducers
(in situ, Level-Troll 500), which recorded pressure every 10
minutes, and water levels in all piezometers were measured
weekly using a water level sounder.
A 90-degree V-notch weir was installed in a channel drain-
ing the meadow (triangle in Fig. 3a) to monitor surface wa-
ter discharge. The ﬂow rate was measured manually using
a bucket and stopwatch on a weekly schedule during July–
September of each year, from which a stage-discharge rela-
tionship for the weir was developed. Surface water samples
were collected from the channel on a biweekly schedule dur-
ing July–September 2007, and analyzed for major ions using
ion-exchange chromatography and for alkalinity by titration.
The saturated hydraulic conductivity of the surface soil
was estimated using a steel ring inﬁltrometer, which had a
diameter of 0.3m and was driven into the soil to a depth
of 0.15m. Water was poured into a ring while maintaining
a constant head of 0.04m above the ground surface until a
steady ﬂow rate was reached. The saturated hydraulic con-
ductivity of the deeper soil was measured by conducting a
slug test (Freeze and Cherry, 1979) on piezometer P4, which
had a mid-screen depth of 0.92m. The data were interpreted
using the Hvorslev (1951) formula.
4 Results
4.1 Ground-penetrating radar proﬁles
A processed cross-section from proﬁle GPR1 is shown in
Fig. 4a (location shown in Fig. 3a). On this and other
GPR proﬁles, reﬂections from subsurface structures can be
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observed to depths of up to 20m. Based on observations
from a nearby outcrop, we interpret the relatively continuous
subhorizontal reﬂections observed on proﬁle GPR1 as lay-
ering within the bedrock of metasediments. These bedrock
reﬂections extend across most of the proﬁle and are only in-
terrupted by a zone of steep dipping reﬂections under the
meadow area (between x=10 and x=30m; Fig. 4a). Frac-
tures that parallel these layers may provide pathways for the
small amounts of groundwater that seep through the bedrock.
We interpret the steep reﬂections observed on proﬁle
GPR1 to be the tails of diffraction hyperbolas that originate
from boulders within the small sediment-ﬁlled depression
beneath the meadow (Fig. 4a). They are not apparent be-
neath locations outside the meadow and we suggest that this
is a consequence of both strong attenuation effects beneath
the meadow and the laterally varying gain functions we use
to scale the GPR traces. Even though similar sized boul-
ders can be expected within the talus rubble, the diffractions
they produce probably have small amplitudes relative to the
high-amplitude reﬂections from the underlying bedrock. In
contrast, soil that occurs in the very near surface beneath the
meadow is moist and probably contains a signiﬁcant com-
ponent of conductive clay minerals. As a consequence, the
electromagnetic waves are strongly attenuated such that the
diffractions from the near-surface boulders have much higher
amplitudes than reﬂections from the underlying bedrock. Be-
neath the relatively dry zones of vegetated and unvegetated
talus, reﬂections from bedrock can be traced to close to the
surface, suggestingthattherubblelayerislessthan5mthick.
Analysis of lines GPR3 and GPR5 that cover other debris
cones surrounding the meadow show that the rubble layer is
nowhere thicker than about 5m.
A similar pattern of reﬂections is evident on the cross-
section from proﬁle GPR2, which traverses the length of
the meadow region and part of the same unvegetated talus.
Thesamesteep-dippingdiffractiontailsoccurunderneaththe
meadow region, partially masking subhorizontal bedrock re-
ﬂections. We also note that on parts of proﬁle GPR2 that tra-
verse the meadow, the vertical separations between the air-
wave phase (AW; a non-reﬂective phase of energy that is
transmitted directly between the antennas through the air)
and the groundwave phase (GW; like the airwave phase,
but transmitted through the shallowest part of the ground)
are signiﬁcantly larger than they are on parts of the pro-
ﬁle that cross the debris cone (Fig. 4b). The large differ-
ences between relative groundwave-phase arrival times for
the meadow and debris cone regions are the result of signiﬁ-
cant differences in their very-near surface velocities. We sug-
gest that, compared to the debris-cone region, the slower ve-
locities in the very-near surface of the meadow region are the
result of a combination of increased subsurface water content
and reduced pore spaces within the relatively ﬁne-grained
matrix of the basin ﬁll. Towards the southern end of pro-
ﬁle GPR2 the separation between airwave and groundwave
phases decreases and bedrock reﬂections become more evi-
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Fig. 4. Processed GPR cross-sections from proﬁles (a) GPR1 and
(b) GPR2. Proﬁle locations are shown in Fig. 3a. Block arrows
show where the two lines intersect. Three zones with different sur-
face characteristics are demarcated: meadow, unvegetated talus and
vegetated talus. The dots in (b) mark the projected locations of the
center of the CMP1 GPR proﬁle, piezometer P1 and the cluster of
piezometers P2-P4 onto proﬁle GPR2. AW and GW in (b) indicate
the airwave and groundwave phases, respectively.
dent, indicating that the basin ﬁll tapers out at around x=16m
(Fig. 4b). We interpret this feature as a bedrock saddle that
partially encloses the southern end of the basin.
Apart from CMP1, most of the CMPs analyzed were
located either on talus, bedrock, or the margins of the
meadow area (Fig. 3a). They yielded velocities of around
0.12±0.01m/ns, which are typical for loose debris compris-
ing talus deposits and indurated bedrock material (Annan,
2005; Sass, 2006). Although data from CMP1 are some-
what noisy, analysis of a relatively long-wavelength ground-
wave arrival phase (Vg1) and a single reﬂection phase (Vr1)
reveals a much slower velocity that is more representative
of the moist ﬁne-grained soil layer underlying the meadow
(0.065m/ns; Fig.5). Asecondgroundwave phase(Vg2)with
ashorterwavelengthandafasterpickedvelocityof0.12m/ns
appears to originate at around 50ns (Fig. 5). We interpret
Vg2 to result from a subsurface refractor of quartzite bedrock
beneath the meadow. By assuming a simple two-layer refrac-
tion model with a horizontal interface, we can solve for z, the
thickness of the soil layer (Kearey and Brooks, 1991):
z=
tiv1v2
2
q
v2
2 −v2
1
(1)
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Fig. 5. (a) GPR data from CMP1, which was recorded using 50MHz antennas (location shown in Fig. 3a). Solid line shows the linear
moveout of the picked airwave phase (Va); dashed lines show the linear moveout of a slow groundwave phase attributed to a thin soil layer
(Vg1), and the normal moveout of a subsurface reﬂection (Vr1); dotted line shows the linear moveout of a second fast groundwave phase
attributed to a substrate of bedrock underlying the meadow (Vg2). (b) Corresponding semblance plot for which warmer colours represent
higher values. Circle deﬁnes the normal moveout velocity calculated for picked reﬂection Vr1 shown in (a).
where ti is the zero-offset intercept time (50ns), v1 is the
velocity of the soil layer (0.065m/ns), and v2 is the velocity
of the bedrock refractor (0.12m/ns). Based on our analysis,
we calculate that the bedrock beneath CMP1 is no deeper
than about 1.9m.
4.2 Electrical resistivity tomography proﬁles
Inverted electrical resistivity tomograms ERT1 and ERT2
that correspond to proﬁles GPR1 and GPR2 are shown in
Fig. 6 (locations shown in Fig. 3a). To facilitate compar-
ison with the GPR proﬁles, we have plotted the ERT to-
mograms as transparent overlays onto the processed GPR
cross-sections. Parts of each ERT tomogram that are not
well resolved (i.e., the model cells with DOI values >0.2)
are not plotted. Most of the shallow parts of the model are
well resolved and several structures can be interpreted. For
example, the unconsolidated rubble of the talus cone corre-
sponds to a high-resistivity layer (>20000m) with a maxi-
mum thickness of ∼5m. Resistivities within the underlying
bedrock range from 5000 to 20000m. The lowest resistivi-
ties generally occur near the surface of the bedrock, suggest-
ing that small amounts of water may reside near the interface
between the bedrock and talus rubble.
IncontrasttoproﬁleERT1, thetomogramforproﬁleERT2
exhibitsaprominentlow-resistivitylayer(<5000m)under-
neaththepartoftheproﬁlethatcrossesthemeadow(Fig.6b).
The base of this layer is delineated at around 4m depth by
a sharp change to resistivities in excess of 20000m. We
suggest that this boundary represents a change from ﬁne-
grained basin ﬁll with relatively high clay and water content
to a relatively low porosity bedrock substrate. Although the
bedrock resistivities are much higher beneath the meadow
than beneath the talus deposit, we do not interpret a change
in bedrock composition and suggest that the high values
are a consequence of overﬁtting the inverted resistivity data
in this region. Furthermore, because the shallow tempera-
ture/moisturesensorsthatwereinstalledbeneaththemeadow
indicate a trend of increasing above-zero temperatures with
increasing depths, we rule out the possibility that the high
resistivities may indicate permafrost.
The lowest resistivities (of around 2000m) within the
basin-ﬁll layer coincide with the largest vertical differences
(or travel-time lags) between the airwave and groundwave
phases on the corresponding GPR cross-section (at around
x=80m in Figs. 4b and 6b). Consequently, the basin ﬁll can
be classiﬁed on the basis of both low electrical resistivities
and low GPR velocities. Variations in resistivity and GPR
velocity within this layer are probably controlled by a com-
bination of changing grain size and/or water content. Toward
the northern end of the proﬁle, the low-resistivity layer ex-
tends laterally to about x=105m, indicating that parts of the
unvegetated talus between x=85m and x=105m are under-
lain by ﬁner grained basin ﬁll. In addition, at this location the
groundwave phase on the corresponding GPR cross-section
exhibits a travel-time lag characteristic of other parts of the
low-velocity basin ﬁll. We also note that near-surface re-
sistivities increase sharply from around 5000 to 10000m
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Fig. 6. As for Fig. 4, but with the corresponding inverted electri-
cal resistivity tomograms ERT1 and ERT 2 overlain onto the GPR
cross-sections. ERT model cells with DOI values >0.2 are not plot-
ted (see text for explanation).
towards the southern end of the proﬁle at the location of the
bedrock saddle interpreted from proﬁle GPR2 (at x=16m in
Figs. 4b and 6b).
4.3 Seismic refraction proﬁle
The seismic refraction proﬁle coincides with portions of pro-
ﬁles GPR1 and ERT1 (dark blue line in Fig. 3a). First arrival
picks from shot gathers recorded on the talus show two dis-
tinct velocity phases: (1) a slow shallow phase with veloc-
ities of around 500m/s associated with the talus cover and
(2) a faster deeper phase with velocities of around 3500m/s,
indicating a change to higher velocity bedrock (e.g. Fig. 7).
Theinvertedp-wavevelocitytomogramforthisproﬁleand
ﬁrst-arrival raypaths computed for each shot-receiver combi-
nation are displayed in Fig. 8a. The reliability of the veloc-
ity calculated for each model cell is determined by the num-
ber of unique ray paths that cross each cell. Consequently,
model cells between x=0 and x=50m and at depths less than
about 10m below the surface are better constrained than in
other regions. In order to draw comparisons with the GPR
data, we extracted only the parts of the seismic tomogram
that we could interpret with conﬁdence. Figure 8b shows the
cropped velocity tomogram plotted as a transparent overlay
onto the corresponding GPR cross-section. In the tomogram,
unconsolidated rubble comprising the talus corresponds to a
SP5
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Fig. 7. Example shot gather recorded from shot point 5 (SP5),
which was located on a talus deposit (the shot point location is
shown on the seismic tomogram in Fig. 8). Circles are observed
ﬁrst-break picks and squares are calculated travel-times from the
inverted velocity model.
near-surface layer of up to 4–6m in thickness with veloci-
ties less than 1000m/s. The low-velocity layer is underlain
by a layer of higher velocities predominantly between 2000
and 4000m/s, which corresponds to the region of bedrock
interpreted from the GPR and ERT cross-sections. A thinner
(2–4-m-thick) low-velocity layer also resides under the part
of the proﬁle that crosses the meadow.
4.4 Bedrock topography and basin-ﬁll volume
By using our interpretations of the GPR and ERT proﬁles, we
estimated the topography of the bedrock basin and dimen-
sions of the basin ﬁll that underlies the meadow. From the
four ERT proﬁles that cross the meadow, we delineated the
depth to the top of the bedrock on the basis of sharp changes
from low resistivities (generally <10000m) to high resis-
tivities (generally >10000m; Figs. 3a and 6). Because the
groundwaves on most GPR proﬁles tended to obscure very
shallow reﬂections and because strong electromagnetic-wave
attenuation within the moist, clay-rich soil comprising the
basin ﬁll suppresses deeper reﬂections, we could not image
the bedrock topography nor reﬂections from layering within
the bedrock underlying the meadow. Nevertheless, as shown
in Fig. 6b, the top of the bedrock surface imaged by the
ERTdatagenerallycoincideswiththelocationoftheground-
wave arrival as observed on the depth-corrected GPR cross-
sections. For this reason, we consider the vertical position of
the groundwave on the depth-corrected GPR cross-sections
to be a crude proxy for the maximum depth to bedrock be-
neath the meadow. If the bedrock were much deeper, we
would expect to see a coherent reﬂection produced by the
strong electromagnetic contrast between the soil layer and
bedrock.
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Fig. 8. (a) Inverted p-wave velocity tomogram for the seismic re-
fraction proﬁle (location shown in Fig. 3a). Shot-receiver raypaths
calculated for the model are plotted as black lines. Shot gather data
from shot point SP5 are shown in Fig. 7. (b) The same p-wave ve-
locity tomogram as shown in (a) but plotted as a transparent overlay
onto the corresponding cross-section for proﬁle GPR1. Regions of
the model that are not traversed by the raypaths shown in (a) are not
plotted.
On the depth-corrected GPR cross-sections, variations in
the arrival depth of the groundwave phase provide a qual-
itative indicator of lateral changes in the depth to bedrock
beneath the meadow; where the groundwave phase shallows
the bedrock surface must also shallow and, conversely, where
the groundwave phase deepens the bedrock must deepen.
Thus, on the depth-corrected GPR cross-sections, ground
wave phase arrivals were used as a proxy for the elevation
of the bedrock interface. Because our seismic velocity tomo-
gram has a coarser resolution than the ERT and GPR images,
we do not use it to determine the topography of the bedrock
surface under the meadow.
By using the MATLAB “griddata” algorithm based on
Delaunay triangulation, we interpolated bedrock elevation
picks from the GPR and ERT proﬁles over the entire surface
area of the meadow (2100m2). This surface was then sub-
tracted from the DEM of the meadow topography to produce
a depth-to-bedrock surface. Contoured maps of meadow ele-
vation, bedrock elevation, and depth to bedrock are shown in
Fig. 9. In general, the basin is deepest beneath the long axis
of the meadow, reaching a maximum depth of just over 4m
between the cluster of piezometers P2-P4 and piezometer P1
(Fig. 9c). Based on our estimate of basin geometry, we deter-
mined that the basin ﬁll has a total volume of ca. 3300m3. As
shown in Fig. 6b, where the surface stream channel crosses
the southern and lowest end of the meadow, the underlying
bedrock topography forms a saddle with an elevation of ca.
2230m.
4.5 Hydrological ﬂuxes and water table dynamics
The average snow depth and standard deviation at the site in
April was 1.8±0.4m in 2007, and 1.4±0.2m in 2008; and
SWE was 610±210mm in 2007 and 380±90mm in 2008.
Snow melt occurred during May and June in both years, and
the site was essentially snow free by early July. The amount
of precipitation between the time of each snow survey and
June 30 was 256mm in 2007 and 253mm in 2008. There-
fore, the site received approximately 870mm of vertical wa-
ter input during the snowmelt period in 2007, and 630mm
in 2008. As the meadow vegetation was growing during the
snow-free season of 1 July–30 September, the total amount
of precipitation was 231mm in 2007 and 284mm in 2008.
Figure 10a shows daily precipitation for 2008.
The soil in the meadow had a silt loam texture from the
surface to a depth of 0.8–0.9m. A silty clay layer contain-
ing rock fragments occurred at 0.9–1.1m. Volumetric wa-
ter content of the ﬁve soil samples collected from depths of
0.09–0.95m on 11 July 2007 ranged from 0.62 to 0.75 with
no particular depth trends. The water table observed in the
soil pit was within 0.1–0.2m of the ground surface, indicat-
ing nearly saturated conditions for all soil samples.
Two ring-inﬁltrometer measurements gave the saturated
hydraulic conductivity of the surface soil (0–0.25m depth)
of 1.4×10−5 m/s and 7.0×10−6 m/s. Considering that ring
inﬁltrometers have a tendency to overestimate conductivity
due to the lateral ﬂow divergence under the ring, the actual
conductivity value is expected to be as low as half of these
values (Reynolds et al., 2002, Eqs. 3.4–14). A slug test on
piezometer P4, screened 0.77–1.07m below the ground sur-
face, gave the saturated conductivity of 2.5×10−7 m/s.
The piezometers were installed in July and August of
2007, and as such, complete water level time series are only
available for 2008. The water level in piezometer P4 stayed
near the ground surface during the snow melt period in late
June of 2008 (Fig. 10b) and rapidly declined at the end of
snow melt. After the water level declined to approximately
0.35m below the ground surface on 8 July, the rate of de-
cline decreased dramatically to 7mm/d. The water level
quickly responded to rain events and rose close to the sur-
face during the events of 9, 21, and 29 August (Fig. 10a and
b). These quick rises were followed by a rapid decline of
water level to 0.35m below the ground surface and a very
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Fig. 9. Contoured maps of (a) meadow topography from 2-m LIDAR DEM, (b) subsurface bedrock topography produced by interpolating
bedrock picks made on ERT and GPR proﬁles, and (c) depth to bedrock produced by differencing (a) and (b). Dotted line – surface stream
channel; circles – piezometers P1-P4 and the center of the CMP1 GPR proﬁle; triangle – monitoring weir; square – excavated soil pit.
slow decline thereafter, similar to the water level response
after the snow melt. A continuous time series was available
only from P4, but the manual biweekly measurements in P1
and P2 indicated that the water level in these piezometers re-
mained nearly constant at 2231.9ma.m.s.l. Since the screens
of these piezometers are located within 1m of the ground
surface, and they all behaved similarly, the water level ﬂuc-
tuations in these piezometers represent the water table dy-
namics under the meadow. Piezometer P1, the shallowest of
the four piezometers, went dry after 9 July. All three soil
moisture sensors at depths of 0.37, 0.63, and 0.90m regis-
tered nearly constant values near or at saturation throughout
June-September 2008, indicating that the water table never
dropped more than 0.4–0.5m below the ground surface.
The record of channel discharge was available only after
22 July 2008 (Fig. 10c). The channel discharge had sharp
peaks corresponding to rain events, and maintained a very
small amount of baseﬂow. The total ﬂow volume during 22
July–30 September was 2400m3. Water samples were col-
lected from the channel during July–September 2007. Water
was generally dilute and had total dissolved species (TDS)
concentrations ranging from 14 to 21mg/L and major ion
compositions characterized by (Ca, Mg)−HCO3. There was
no obvious seasonal trend in TDS or composition.
5 Discussion: synthesis of geophysical and
hydrological results
Based on the geophysical and hydrological results, a concep-
tual diagram of the talus-meadow complex has been devel-
oped (Fig. 11). The talus is situated at the toe of a sequence
of steep bedrock cliffs rising to a total height of 500m. Since
there is little storage capacity in the cliff sequence, much
of the snowmelt and rain ﬂows down and enters the talus.
The cliff runoff and direct precipitation inputs into the talus
ﬂow through a relatively thin saturated layer at the sediment-
bedrock interface, and provide a lateral water input to the
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Fig. 10. Hydrological data for June–September, 2008. (a) Daily
precipitation. (b) Elevation (above mean sea level) of the water
level in piezometer P4. Dashed line indicates the ground surface at
this location. (c) Discharge measured at the weir. See Figs. 3a and
9 for the location of P4 and the weir.
meadow. It is impossible to estimate the area of the cliffs
and talus contributing runoff to the meadow due to the com-
plex topography, but the contributing area is expected to be
on the order of 20000 to 50000m2. In contrast, the area of
meadow is 2100m2.
The meadow is underlain by up to 4m of relatively ﬁne
sediments containing rock fragments (Fig. 9c). At this loca-
tion, the bedrock layers dip towards the cliff at a low angle
of 10◦, which may have contributed to the formation of an
oval shaped bedrock basin that trapped ﬁne sediments. The
water table dynamics in the meadow is characterized by a
very stable condition conﬁned to a narrow range, punctuated
by rapid rises and recessions in response to snowmelt and
rain events (Fig. 10b). Based on this behavior, we interpret
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Fig. 11. Schematic diagram showing the internal structure and
groundwater and surface water ﬂow pathways in the talus-meadow
complex.
a threshold for water-table stability at an approximate ele-
vation of 2231.9m. Since there was no obvious change in
soil texture at this elevation, and all three piezometers with
sufﬁciently deep screens behaved similarly, the threshold be-
havior is most likely controlled by the drainage mechanisms
of the entire meadow basin. We hypothesize two possible
mechanisms, (1) surface drainage through the stream chan-
nel and (2) subsurface drainage controlled by bedrock to-
pography. To examine the ﬁrst mechanism, we note that
the channel had continuous ﬂow throughout July–September
(Fig. 10c), and the channel water level ﬂuctuated within a
narrow range (0.05–0.1m). This indicates that the water ta-
ble under the meadow never dropped below the channel bed.
Under this condition, assuming that the hydraulic conduc-
tivity of soil is reasonably homogeneous, the groundwater
drainage rate can be determined by the difference between
piezometer water levels and the channel water level. This
mechanism can explain the exponential decline of the water
table after the storm peak. The second mechanism involves
a “saddle” in bedrock topography that limits the overﬂow
of groundwater after the water table drops below the sad-
dle. This mechanism is referred to as “ﬁll and spill” in the
hillslope hydrology literature (e.g. Spence and Woo, 2003;
Tromp-van Meerveld and McDonnell, 2006). The shape of
the bedrock basin indicates a saddle at the south end of the
meadow (Fig. 9b). However, the elevation of the saddle (ca.
2230m) is much lower than the elevation of the water ta-
ble (ca. 2231.9m) during stable periods (Fig. 10b), implying
that the simple ﬁll-and-spill mechanism cannot explain the
threshold behavior. It is more likely that the saddle reduces
the effective thickness of saturated soil, which results in re-
duced transmissivity and increased ﬂow resistance. Conse-
quently, the saddle also reduces hydraulic gradient between
the south end of the basin and the deepest part in the middle
by serving as a subsurface “dam”. It is probably the combi-
nation of several mechanisms that maintains the stable depth
to the water table (0.3–0.4m) under the meadow during dry
periods.
Based on the geophysical data, the total volume of basin
ﬁllisestimatedtobe3300m3. Byassumingaporosityof0.6,
the total volume of groundwater that can be stored under the
meadow basin is approximately 2000m3. During 22 July–30
September 2008, approximately 2400m3 of water was dis-
charged through the channel, implying that more than one
total storage volume of water ﬂowed through the system dur-
ing this period. Considering that the amount of precipitation
during this period was 235mm and mean annual precipita-
tion is 1000–1200mm, it is likely that groundwater under
the meadow is ﬂushed several times in a year. The high rate
of ﬂushing, or short residence time, explains the low concen-
tration of dissolved species in the water sampled from the
channel, which is fed by groundwater.
6 Conclusions
The internal structures of a talus-meadow complex and
its hydrological functions were examined using geophysi-
cal imaging and by monitoring water-table ﬂuctuations and
hydrological ﬂuxes. Analysis of ground-penetrating radar
(GPR) and seismic refraction proﬁle data allowed the to-
pography of bedrock underlying the talus and meadow to
be delineated. These interpretations were consistent with re-
sults from additional electrical resistivity tomography (ERT)
proﬁles, which showed a high contrast between the resistiv-
ity of wet meadow sediments and underlying bedrock. The
meadow is underlain by ﬁne-grained high-porosity (>0.6)
sediments that were deposited in a narrow, north-south trend-
ing basin, which reaches maximum depths of ca. 4m. The
water table in the meadow basin ﬂuctuates rapidly between
the ground surface and 0.3 to 0.4m depth in response to
snowmelt and rain. Very stable conditions are attained after
the water table declines below these depths.
The relatively shallow water table provides a steady sup-
ply of water to meadow grasses, which in turn sustain the
alpine fauna dependent on vegetation. The stable water ta-
ble is maintained during summer months by the supply of
rainfall runoff from the talus and the cliffs above, and also
possibly by the presence of the bedrock saddle, which re-
stricts the subsurface drainage out of the basin. The input
volume of snowmelt and rainfall is several times greater than
the total storage volume in the meadow basin, implying a
relatively short residence time of groundwater. This results
in a low concentration (14–21mg/L) of dissolved solids in
groundwater feeding the stream that drains the meadow.
The particular talus-meadow complex studied may not
represent all types of talus-meadow systems that occur in
alpine environments. However, the insights gained from
this study are useful for improving our overall understand-
ing of the hydrological and ecological functions of alpine
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talus-meadow systems. For example, the contribution of
runoff from cliff sequences and the effects of bedrock to-
pography on subsurface drainage are expected to be present
in many alpine environments. Further studies should exam-
ine the roles of various types of talus-meadow systems in
modulatingbasin-scalerunoffandwaterquality(e.g.nutrient
concentration), and also on the hydrological function of
other types of groundwater storage units, such as proglacial
moraine.
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